The determination of gross alpha/beta activity concentrations of drinking water is the first step of the environmental monitoring studies and can provide a rapid evaluation of the radioactive content of a sample. In this study, a procedure using liquid scintillation spectrometry (LSS) for the simultaneously monitoring of gross alpha/beta activity concentration in drinking water was determined, verificated with proficiency test sample and applied to the real drinking water samples in Turkey. The results indicate that the method provides good accuracy and precision. LSS can be employed as a screening technique in high activity concentrations.
Introduction
Water is one of the most important life sources of the people. In order to decide the use of water for the human consumption, physical, chemical, bacteriological and radioactive properties must be well defined. Especially the radioactivity in drinking water is not a new fact, having been present to some extent for thousands of years. Therefore, homeowners should be aware of the steps they might wish to take to test their private drinking water wells for radioactivity and to reduce their exposure.
Gross alpha/beta analysis is the first step in determining the level of radioactivity in drinking water. This test serves as a preliminary screening device and determines whether radionuclide specific analysis is required to further characterize the water. According to World Health Organization, 1 water is considered adequate for human consumption when the screening level for gross alpha activity concentration is below 0. ) are higher, further analysis should be carried out in Turkey. 3 The routine method used in our laboratory for monitoring gross alpha/beta activities is the "EPA 900.0 Gross Alfa and Gross Beta Radioactivity in Drinking Water" standard method. The method relies on gas-flow proportional counting (GFPC). The efficiency of the method is dependent on the water residue mass. The technique requires a uniformly thickness, homogeneous layer of residue material on the planchet. Multiple calibration standards are also needed to cover a range of residue masses. 4 The method isn't suitable for the determination of radon or low-energy beta emitters such as tritium in drinking water. In the literature, there are various studies about procedures using liquid scintillation counting for the monitoring of gross alpha/beta activities in environmental water. [5] [6] [7] Also, several studies have suggested using the liquid scintillation spectrometric (LSS) method instead of GFPC due to its advantages of higher detection efficiency and fa-Kahraman et al.: Radioactivity Measurement Method for Environmental ... ster analyzing time. [8] [9] [10] [11] Liquid scintillation spectrometric is an analytical technique which measures activity of radionuclides from the rate of light photons emitted by a liquid sample. 12 The LSS measurement technique is applicable to all forms of nuclear decay (alpha and beta particle, electron capture, and gamma-ray emitting radionuclides). LSS applications range from radioactivity analyses (   3   H,   222 Rn etc.) in drinking water, food control for 90 Sr, radioactive effluent measurements at nuclear power plants, emergency preparedness for nuclear power and homeland security, radiocarbon dating, biofuel and other bio-based material analyses. The LSS method also has been widely employed in radionuclide metrology. The aim of this study was to determine the procedure based on liquid scintillation spectrometry for measuring gross alpha/beta activities for environmental monitoring of the drinking water samples in Turkey. The established procedure with verification and comparison was applied to the real drinking water samples from various regions in Turkey. Firstly, the effect of the total dissolved salt concentration, pH, type of vial (teflon coated polyethylene and low potassium glass vial) and volume and the type of scintillation cocktail were also studied to determine the best conditions for measuring gross alpha/beta activity in the drinking waters. For the method verification, spiked water samples at different concentrations were prepared from "Alpha High (AH-B11144) and Beta 2 (B2)" proficiency test exercise samples of the NPL-2011 proficiency test. Before spiking by AH-B11144 and B2 solutions, the water sample was chosen from a group of samples for which the gross alpha/beta proportional counter analysis results were lower than limit values. This was done to have samples that are representative of actual waters commonly encountered in the laboratory. Then for the application of the method to the actual comparison sample, IAEA proficiency test sample was used. More than 10 samples of drinking water from various regions in Turkey were prepared and measured in LSS according to the establish procedure.
Experimental

1. Reagents and Solutions
Deionized water was used in order to determine optimum measurement conditions and the minimum detectable activities (MDA). Two spike waters were prepared from TAI drinking water. TAI drinking water was obtained from a well in Turkish Aerospace Industries, Inc. area. It has the lowest activity and the minimum residue property at highest volume. NPL 2011 B2 and NPL 2011 (AH) proficiency test solutions containing beta and alpha emitting radionuclides, respectively were used. The gross beta activity of NPL 2011 B2 was assigned as 5.83 ± 0.06 Bq g -1 (k = 2) by using LSS method. The gross alpha activity of NPL 2011 (AH) was assigned as 44 ± 12 Bq g -1 (k = 2) by means of LSS in the final proficiency test report. 13 Ultima Gold LLT (UG LLT), Optiphase Hisafe 3 (OP HS 3) and Ultima Gold AB (UG AB) cocktails from Perkin Elmer were used as the scintillation cocktails. 
Instrumentation
Activity measurements were performed using Wallac Quantulus 1220 low background liquid scintillation counter. The instrument is equipped with a pulse shape discrimination device (PSA) and an external standard of 152 Eu which allows to measure external spectral quench parameter [SQP(E)]. By using PSA, alpha and beta events were recorded in separate alpha and beta multi-channel analyzers. PSA level represents a dividing line to distinguish alpha events from beta ones. The optimum PSA levels were determined by calibrating with a set of pure 241 Am and 90 Sr/ 90 Y standard solutions. The misclassification of signals (spillover,%) was defined as the percentage of the excess alpha counts when calibrating with a pure beta emitting standard or the percentage of the excess beta counts when calibrating with a pure alpha standard.
Quenching, the main interference for LSS, may affect the optimum PSA setting and counting efficiencies. Quench correction curves were obtained from using a set of quenched standards. The quench level was quantified with Spectral Quench Parameter of External standard, SQP(E).
Twenty-milliliter of teflon coated polyethylene and glass vials (Perken Elmer) were used.
Spectra were analyzed using EASY View Spectrum Analysis Software. The counting windows were set to channels 500-800 in the alpha spectrum and channels 50-900 in the beta spectrum.
3. Determination of the Optimum Measurement Conditions
The optimum measurement conditions (cocktail type, cocktail: sample ratio, vial type, optimum pH value and total dissolved salt concentration effect) were deter-mined by using deionized water in order to measure gross alpha/beta activity concentration in drinking waters by using LSS method. According to ISO 11704 (Water quality-Measurement of gross alpha/beta activity concentration in non-saline water-Liquid scintillation counting method-2010 Edition), deionized water samples containing different CaCl 2 concentrations (between 0 and 2000 mg L -1 ) were prepared and heated to remove the dissolved 222 Rn. The pH values of prepared deionized samples by using preconcentration procedure of this ISO method were adjusted to 1.7 ± 0.2 with 8 M HNO 3 to avoid adsorption on container walls. The evaporated deionized water samples were prepared in different cocktail types (UG LLT, OP HS 3 and UG AB) at different cocktail: sample ratios (12:8, 14:6, 16:4) and some observations were done to determine the optimum cocktail: sample ratio at the optimum cocktail type. Later, vials were measured in LSS instrument and evaluated the values of count rate and SQP(E) for each sample. After that, the effect of vial type on sample quenching was investigated. For this purpose, samples on the glass and teflon coated polyethylene vials at the selected cocktail type and the optimum cocktail: sample ratio were prepared and counted in LSS. Finally, prepared samples at the different pH values (between 0.2 and 4.0) from the prepared evaporated deionized water at the selected cocktail: sample ratio were measured in the LSS instrument to investigate the pH effect on sample quenching.
4. Determination of Optimum PSA Value
The optimum PSA value was established by calculating alpha and beta misclassification at different PSA settings (50-150) with pure Y standard solutions. The standard solutions were diluted to 6 mL evaporated deionized water (pH = 1.7 ± 0.2) in the measurement vials containing 14 mL of UG AB cocktail. The resulting mixture was shaken for 45 minutes, waited for 1 hour in the instrument for dark adaption and measured at 20 minutes counting time in LSS. The alpha misclassification as beta, M α and beta misclassification as alpha, M β were calculated according to Equation (1) and (2), respectively and the graph of the alpha misclassification and beta misclassification versus PSA values was plotted. From this graph, the optimum PSA value was determined from the intersection point of the two lines.
(1) (2) where M α =alpha misclassification as beta; M β = beta misclassification as alpha; N α =measured count rate for alpha; N β = measured count rate for beta and MCA=multic-hannel analyzers.
5. Preparation of Quench Set
The quench set was prepared by "14 mL UG AB plus 6 mL deionized water" cocktail, 3 H standard reference solution and quencher agent (nitromethane). The required amounts of 3 H standard reference and nitromethane were added to 10 vials containing the cocktail, respectively. Added amounts of nitromethane ranged from 20 to 120 μL. The quench sets were measured in the LSS instrument one more time in order to check the sample stability. The net count rate in cps was obtained using Easy View program and the activity of each sample mass was calculated from the sample mass and the tritium standard activity concentration [Eq. (3)]. After that, the value of efficiency for each sample was calculated by using the efficiency equation, Eq. (4) Where efficiency (ε) is defined as the ratio of the observed counts per minute (cpm) to the disintegrations per minute (dpm). 
6. Determination of Beta Counting Efficiency
Mean beta counting efficiency was determined by using different beta emitting standard radionuclide solutions: Cl. The required amounts of these standard solutions were added to each vial containing 14 mL UG AB and 6 mL deionized water, respectively. Then, these vials were measured in LSS at 1 h counting time. Later, counting efficiency value for each radionuclide was calculated from the measured net counting rate, quench curve and CIEMAT/NIST efficiency tracing method. Thus, the mean beta counting efficiency was obtained from the average of these efficiencies.
The CIEMAT/NIST efficiency tracing method is a combination of theoretical calculations and the experimental data obtained from a counter by using a suitable tracer nuclide (e.g.
3 H) to determine the counting efficiency of a radionuclide. This method is based on the free parameter and can be used for a variety of β-emitting or electron capture radionuclides. Free parameter is defined as the energy necessary to create a photoelectron at the photocathode of the photo multiplier tube (PMT). The free parameter establishes a link between the counting efficiency of the radionuclide under analysis and the tracer nuclide. The counting efficiency curve for the radionuclide under analysis is then obtained as a function of the counting efficiency of the tracer. The relationship between the tritium efficiency and the radionuclide efficiency under the same conditions is calculated using the CIEMAT/NIST program [CN2005 program (E. Gunther, PTB/Latest version august 2005)]. Input data for the program include atomic and nuclear data of the radionuclides of interest, the data on LS cocktail used the composition of the cocktail and the ionization quench parameter (kB). Data for many radionuclides and the most common used liquid scintillation cocktails can be found in this program. The efficiency of radionuclide is calculated by using the following polynomial equation obtained from the CIEMAT/NIST program, respectively: 
7. Verification of the Method for Measuring of Gross alpha/beta Activity in Drinking Water
The verification samples were composed of drinking waters containing different amounts of alpha and beta emitting radionuclides. TAI drinking water was used for this purpose. Two verification samples were prepared by using NPL 2011 B2 and NPL 2011 (AH) proficiency test solutions containing beta and alpha radionuclides, respectively. These are called as TAI-1 and TAI-2. Total volume of each sample was 2000 mL. The compositions of TAI-1 and TAI-2 drinking water are given below.
1) the gross alpha and beta activities of the TAI-1 drinking water were 2.90 Bq kg -1 and 3.04 Bq kg -1 , respectively. 2) the gross alpha and beta activities of the TAI-2 drinking water were 1.43 Bq kg -1 and 2.56 Bq kg -1 , respectively. The samples for gross alpha/beta analysis were prepared from 500 mL TAI water samples. The pH of samples were adjusted to about pH = 3-4 with NH 3 and then, they were evaporated to ∼20 mL under IR lamp at 80 °C. The pH value of the concentrated sample was controlled and adjusted to pH = 1.7 ± 0.2. The samples for counting were taken 6 mL from the concentrated samples and were transferred to plastic vials containing 14 mL UG AB. The samples were mixed homogenously and counted 240 minutes at optimum PSA value in the Wallac 1220 Quantulus LSS one more time. Blank was prepared by applying the same procedures for samples from 500 mL of deionized water.
The activity values in alpha and beta windows [from Eq. (7)] were calculated from the measured net counting rate in these windows, respectively. (7) Minimum detectable activity values (MDA) for alpha and beta radionuclides were calculated using Currie's expression 14 from the measurement of blank sample.
8. Application of the Method to the Actual Comparison Sample
For this purpose, 2013 ALMERA proficiency test sample (IAEA-TEL-2013-04 Sample 2) was used. Sample was prepared from this actual comparison sample without preconcentration process because of its high activities (alpha and beta activities) and counted in LSS according to determined procedure.
9. Determination of Gross Alpha/beta Activity in Real Drinking Water Sample
The developed procedure was applied to real drinking water samples. More than 12 samples (5 L for each) from various regions in Turkey were used. The samples were treated with the sample preparation procedure and subsequently analyzed by LSS instrument.
Results and Discussion
The gross alpha/beta activity concentrations were determined in drinking water using LSS method with the PSA. Firstly, the effect of total dissolved salt concentrations, type and volume of scintillation cocktails, sample p-H and vial type upon the gross alpha/beta values were investigated.
Accuracy of the method was verificated using spike water samples at optimized measurement conditions. The developed method was implemented by using actual comparison sample and applied to real drinking water samples collected from various regions in Turkey.
1. Optimum Measurement Conditions
1. 1. Effect of Type and Volume of Scintillation Cocktail and Total Dissolved Salt Concentration
The effect of total dissolved salt concentration at three cocktail types (UG LLT, OP HS 3 and UG AB) and three cocktail: water ratios (12:8, 14:6, 16:4) were evaluated using the deionized water containing 0, 250, 500, 1000, 1500, 2000 mg L -1 concentration of CaCl 2 . The results are given in Figure 1 . As a result of these experiments, the optimum cocktail: sample ratio was selected as (14:6); samples in this ratio were homogeneous and transparent. In addition, samples prepared using UG AB were less quenched than those prepared using other cocktails (Figure 2 ). The total dissolved salt effect on sample quenching was investigated by using prepared deionized water and three different cocktails at the selected cocktail: sample ratio. In these experiments, it was observed that there was no correlation between the total dissolved salt amounts and SQP(E) values and these correlations are seen in Figure 2.
1. 2. Effect of pH
The pH effect on quenching was investigated by using the evaporated deionized water in UG AB cocktail at the selected cocktail: sample ratio (14:6). It was observed that there was very little SQP(E) changing between pH 1.5 and 2.5 but SQP(E) decreased under pH 0.8 value.
There was no correlation between pH value and quench parameter, SQP(E) at our working pH value (pH = 1.70 ± 0.05) (Figure 3 ). cpm and 22.830 ± 1.246 cpm for teflon coated polyethylene vial and low-potassium glass vial, respectively. The background count rates obtained from low-potassium glass vial were obviously higher than that from the teflon coated polyethylene vial. It can be said that this observation may be related to the K-40 contents of glass vials as we expect. K-40 is responsible for the higher beta count rate in the low energy window.
As a result of these studies, we chosen the optimum measurement conditions as cocktail: sample ratio = 14: 6, UG AB cocktail and pH = 1.70 for the determination of gross alpha/beta activity in drinking waters (Table 2 ). 
1. Effect of Vials
Commercial standard 20 mL of low-potassium borosilicate glass vial and teflon coated polyethylene vial were used to compare the vial effect on quenching and background count rate. From the data presented in Table  1 , it was indicated that the SQP(E) and background count rate values were significantly different for two types vials. Average background count rates were about 4.586 ± 0.557 
2. Optimization of PSA Setting
Measurement conditions were established by optimizing pulse-shape discrimination to achieve minimal interference. For this purpose, the percentages of misclassification obtained by calibrating with an 241 Am standard solution and a 90 Sr/ 90 Y (in secular equilibrium, activity of 90 Sr) standard solution were plotted against the PSA levels as shown in Figure 4 . As can be seen from the figure, the beta events were less misclassified than the alpha events along with the increasing PSA levels. On the other hand, the alpha events were found to have an increasing tendency in misclassification when the PSA levels increased. The crossover point of the two calibration curves was set as the best discrimination parameter and the optimum PSA value was determined as 87 which there is equal and minimum spill of alpha pulses into the beta MCA and beta pulses into the alpha MCA.
Method Verification
1. Minimum Detectable Activity (MDA)
The minimum detectable activity (MDA), Eq. (8) was calculated from the measurement of blank vial in the same conditions as samples using the formula reported by Currie.
14 (8) Where N b is background counts (cpm), ε is the detection efficiency (cpm dpm -1 ), V is the sample volume and t is the counting time in minute. The MDA values were calculated as 0.013 Bq L -1 for gross alpha and 0.075 Bq L -1 for gross beta. It was also shown that MDA for beta was higher, which was resulting from the relatively higher background. 
2. Determination of Gross alpha/beta Activity in Spike Drinking Water Sample
The verification test of the procedure was performed using spiked TAI drinking water samples. The obtained experimental results for gross alpha/beta measurements compared to the reference values of activity in the added spike solutions are presented in Table 3 .
In calculation, alpha and beta counting efficiencies were needed. Alpha counting efficiency is approximately 100% for almost all alpha decays using a liquid cocktail. 15 Mean beta counting efficiency was determined as 95% by using different beta emitting standard radionucli- Table 3 , the percentage deviations of the measured values with respect to the added values were within the range from 3.79% to 4.19% for gross alpha while those were from 3.29% to 9.42% for gross beta. It is clear from the table that the experimental values were consistent with the reference values.
The results are also evaluated in terms of z-test, ξ-test and relative uncertainty outlier tests. A result was only classified as šin agreement' when these three tests were passed. A failure to pass one of these tests resulted in a classification šquestionable'. Failure of both the ξ-test and z-test resulted in a classification šdiscrepant". 13 The validity of the method was satisfactory if the results for which the absolute values of the ξ-score and the z-score were both less than or equal to 2.576. Thus, the validity of proposed method was satisfactory according to the ξ-score and the z-scores. The uncertainty associated with the activity concentration has been calculated according to the appropriate rules of uncertainty propagation to give a combined standard uncertainty. The combined uncertainty is the estimated standard deviation equal to the positive square root of the total variance obtained by combining all variance and covariance components using the law of propagation of the uncertainty.
The parameters contributing to the uncertainty budget include the uncertainties in the counting statistics, detector efficiency, quench parameter [SQP(E)], misclassification, mass of sample and activities of the NPL proficiency test solutions. The total uncertainty due to all parameters is presented in Table 4 .
Combined standard uncertainty of sample was calculated as a 7.01% for gross beta and 55.08% for gross alpha. The major contributions for beta emitting come from the counting statistics and the uncertainty of the NPL 2011 B2 proficiency test solution. But, the major contribution for alpha emitting comes from the uncertainty of the NPL 2011 (AH) proficiency test solution. The uncertainty due to misclassification and quench parameter are considered to be negligible compared to the other uncertainty components.
Application of the Method to the Actual Comparison Sample
The comparison tests of the procedure were performed using 2013 ALMERA proficiency test sample (IAEA-TEL-2013-04 Sample 2). The obtained experimental results for gross alpha/beta measurements compared to the real values of activities are presented in Table 5 
4. Determination of Gross Alpha/beta Activity in Real Drinking Water Sample
The results of gross alpha and beta measurements of 12 drinking water samples by LSS were reported in Table 7 . The 
Conclusions
In emergency situations many samples have to be analyzed quickly and with sufficient sensitivities. All artificial radionuclides should be detected by LSS. Detection limits should be lower than reference levels fixed for countermeasures adoption. Therefore, in this case, LSS is employed as a screening technique in order to identify samples containing more radioactivity than expected (on the basis of natural radionuclides concentration). In this study, liquid scintillation spectrometric method was successfully used to determine the gross alpha/beta activity concentrations simultaneously in drinking water as an alternative screening procedure. The procedure was tested with spiked real water sample and actual comparison sample. The obtained results indicate that the method is effective and provides good accuracy and precision. Therefore, LSS can be employed as a screening technique in order to identify samples containing more radioactivity than the expected.
In addition, the results show that gross alpha/beta activity concentrations in drinking water in Turkey are allowable values and analyzed waters are safe for consumption from radioactivity point of view. 
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